INTRODUCTION
============

Autism spectrum disorders (ASD) are a class of neurodevel-opmental disorders diagnosed based on a triad of symptoms including deficits in language and communication; impaired or abnormal social interactions; and restricted range of interests or repetitive behaviors. Patients with ASD also experience difficulties with multisensory integration and exhibit impaired higher-order cognitive functions such as those related to learning and social skills ([@b40-molce-41-5-486]). It is well-known that genetic factors contribute to the etiology of ASD. Previous studies have identified several synaptic genes such as *neurexin, neuroligin, postsynaptic density-95 (PSD-95), synapse-associated protein 90/postsynaptic density-95-associated protein (SAPAP)* and *Shank,* as candidate genes that may afford susceptibility to ASD ([@b44-molce-41-5-486]). These genetic animal models are commonly reported to show an imbalance between excitation and inhibition (E/I) in the brain, leading to propose E/I imbalance as a main endophenotype of ASD ([@b15-molce-41-5-486]; [@b20-molce-41-5-486]; [@b42-molce-41-5-486]).

Recently, we have shown that overexpression of telomerase reverse transcriptase (TERT) induces ASD-like behavioral symptoms as well as synaptic deficits in the medial prefrontal cortex (mPFC) ([@b25-molce-41-5-486]). At the end of each chromosome, all vertebrates have repeating "TTAGGG" DNA sequences called telomeres ([@b31-molce-41-5-486]). Repeated cell divisions cause telomeres to shorten ([@b21-molce-41-5-486]) while telomerase activity in actively proliferating cells elongates these telomeric sequences. Telomerase consists of telomere reverse transcriptase (TERT), a catalytic enzyme of telomerase, and telomerase RNA (TERC), an RNA template ([@b2-molce-41-5-486]). As telomerase is required for elongation of shortened telomeres during repeated cell division, it remains highly active in neural progenitor cells ([@b8-molce-41-5-486]). TERT has been shown to regulate gene expression, potentially exerting such regulatory effects on both *Pax6* expression ([@b12-molce-41-5-486]; [@b30-molce-41-5-486]) and Wnt-signaling ([@b9-molce-41-5-486]; [@b33-molce-41-5-486]; [@b52-molce-41-5-486]), indicating that changes in TERT levels may underlie neurodevelopmental defects.

In a previous study, we reported that TERT-overexpressing transgenic (TERT-tg) animals exhibit repetitive behaviors and deficits in social interaction; these symptoms are commonly observed in ASD patients as well as other animal models ([@b25-molce-41-5-486]). We also observed enhanced excitation in the mPFC in TERT-tg animals, suggesting that TERT overexpression throughout the developmental process may cause E/I imbalances in the mPFC ([@b25-molce-41-5-486]). However, mixed observations have been reported regarding the performance of patients with ASD on tests of spatial cognition ([@b7-molce-41-5-486]; [@b13-molce-41-5-486]; [@b29-molce-41-5-486]; [@b37-molce-41-5-486]). Here, we aimed to investigate the synaptic and behavioral deficits associated with hippocampal activity in a newly suggested animal model of ASD with TERT overexpression.

MATERIALS AND METHODS
=====================

Animals
-------

Animal treatment and maintenance were carried out in accordance with the Principles of Laboratory Animal Care (NIH publication No. 85-23, revised 1985) and were approved by the Animal Care and Use Committee of Konkuk University, Seoul, Korea (KU12016 and KU12115). FVB mice were obtained from DaeHan BioLink (Daejeon, Korea). Animals were housed in a controlled vivarium on a 12:12-h light/dark cycle (lights on at 06:00) at a constant temperature (22 ± 2°C) and humidity (55 ± 5%). Animals had free access to food and water. All efforts were made to minimize the number of animals sacrificed as well as their suffering.

Dr. Han-Woong Lee (Department of Biochemistry, College of Science, Yonsei University, Seoul, Korea) kindly donated TERT-overexpressing transgenic (TERT-tg) mice with the FVB/N genetic background. mTERT-transgenic mice were produced as previously described ([@b23-molce-41-5-486]). The primers used for genomic DNA PCR to identify TERT-tg mice were as follows:

*mTERT*, 5′CTCCACCTGCCGACCTTTC (forward) 5′CAGCACGTTTCTCTCGTTGC (reverse)

Electrophysiology
-----------------

For electrophysiological recording, coronal slices containing the hippocampus (300 μm) were prepared using standard procedures ([@b25-molce-41-5-486]). Briefly, 3--4 weeks old male mice were anesthetized with isoflurane prior to decapitation and their brains were rapidly extracted into ice-cold sucrose dissecting solution containing (in mM): 212 sucrose, 3 KCl, 26 NaHCO~3~, 1.25 NaH~2~PO~4~, 7 MgCl~2~, and 10 glucose. Brain slices were made using a Leica VT1200S vibrating tissue slicer and placed in a submerged holding chamber with artificial cerebrospinal fluid (aCSF) containing (in mM): 118 NaCl, 2.5 KCl, 1 NaH~2~PO~4~, 26.2 NaHCO~3~, 11 glucose, 2 CaCl~2~, and 1 MgCl~2~ (oxygenated with 95% O~2~/5% CO~2~) and kept at 35°C for one hour then stored at room temperature. For whole-cell voltage clamp recordings pyramidal neurons were voltage clamped to −60 mV or 0 mV to measure excitatory or inhibitory transmission respectively using an Axo-clamp-200B (Axon Instruments, Union City, USA) filtered at 2 kHz and sampled at 50 kHz, and pClamp software (Version 10.3, Axon Instruments) was used for data acquisition and analysis. The patch pipettes (2--6 MΩ) were filled with solution containing (in mM): 115 Cs methanesulphonate, 20 CsCl, 10 HEPES, 2.5 MgCl~2~, 4 Na~2~-ATP, 0.4 Na~2~-GTP, 10 Na-phosphocreatin, and 0.2 EGTA (pH 7.2). To isolate inhibitory or excitatory synaptic transmission, either CNQX (10 μM) with AP5 (50 μM) or picrotoxin (50 μM) was added throughout the experiments, respectively. 1 μM of tetrodotoxin (TTX) was added to measure miniature excitatory postsynaptic currents (mEPSCs) and miniature inhibitory postsynaptic currents (mIPSCs). Input and series resistance were monitored continuously throughout the experiments.

Extracellular field excitatory postsynaptic potentials (fEP-SPs) were recorded in CA1 dendrites with two bipolar stimulating electrodes being placed in the stratum radiatum using glass pipettes (0.5--1.5 MΩ) filled with aCSF. The fEPSPs were alternately evoked via stimulating electrodes at 30 sec intervals ([@b26-molce-41-5-486]). Theta burst stimulation (TBS, 20 bursts of 4 pulses at 100 Hz) or high frequency stimulation (HFS, 100 pulses at 100 Hz) was delivered at one pathway to induce LTP while the other pathway remained off during the stimulation.

Morris water maze apparatus
---------------------------

For the Morris water maze task, a circular tank (diameter 183 cm, height 0.58 cm) was filled with tap water (26 ± 1°C) with nontoxic white paint. The fixed escape platform (diameter 20 cm) was located 1 ± 0.5 cm below the surface of the water and centered in one of the four maze quadrants. The maze was surrounded by white curtains, on which black felt patterns were affixed to provide distal visual (spatial) cues. Data were recorded using an HVS Image tracking system (Hampton, UK).

Behavioral training procedure
-----------------------------

12--13 weeks of male mice received 4 trials/day (10 min inter-trial interval, maximum trial duration of 60 s, with 20 s spent on the platform at the end of each trial). Each trial began at one of four equidistantly located positions at the perimeter of the maze. The location of the hidden platform remained constant across all training trials. Mice were placed into the water facing the wall. The trial ended when a mouse climbed onto the hidden platform or after the 60-s interval had elapsed. If a mouse did not locate the platform during a trial, it was guided to the platform by the experimenter. Mice were left on the platform for 20 s, and then moved to a holding cage for a 10-min inter-trial interval. During each trial, the distance of the mouse from the hidden platform was sampled 10 times per second, and the results were averaged in 1-sec bins. Cumulative search error was calculated as the summed 1-sec averages of this proximity measure, corrected for the particular start location of each trial. Probe tests were conducted 1 trial/day on day 5 before training and on day 9 without any following training session. During probe tests, the hidden platform was removed and mice were put into the water facing the wall and left swimming for 60 s. After 60 s, the platform was placed again and mice were guided to the platform where they stayed for another 20 s.

Western blot analysis
---------------------

Brain tissues obtained from 28 days old male mice were homogenized using RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0), and the resulting lysates were diluted with 2× SDS-PAGE sample buffer. Equal amounts of protein (50 μg) determined by BCA protein assay was separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. The membranes were blocked with 1% polyvinylalcohol in PBS containing 0.2% Tween-20 for 1 h. The membranes were incubated with primary antibody overnight at 4°C followed by incubation with peroxidase-conjugated secondary antibody (sc-2030, USA) for 2 h at room temperature. αCaMKII and phosphorylated-αCaMKII (T286) antibodies were obtained from Abcam (\#ab92332, \#ab5683, Cambridgeshire, England). ERK1/2, CREB and phosphorylated CREB antibodies were purchased from Cell Signaling (\#9102, \#9197, \#9198, USA). Specific bands were detected using the ECL system (Amersham, UK) and exposed using the Bio-Rad electrophoresis image analyzer (Bio-Rad, UK).

Statistical analysis
--------------------

Data are shown as mean ± S.E.M. Student's t-test was used to evaluate differences between TERT-tg and control mice in electrophysiological experiments. Escape latencies and search error during the Morris water maze task were separately analyzed using a repeated measures two-way analysis of variance (ANOVA; group × trial session \[day\]) and a repeated measures one-way ANOVA with Bonferroni correction.

RESULTS
=======

Overexpression of TERT selectively enhances excitatory synaptic transmission in the hippocampus
-----------------------------------------------------------------------------------------------

To investigate the effect of overexpression of TERT on synaptic efficacy, we measured miniature excitatory postsynaptic currents (mEPSCs) of hippocampal CA1 neurons in a whole-cell patch clamp configuration. Whole-cell voltage clamp recordings from coronal brain slices containing the hippocampus were performed as described previously ([@b25-molce-41-5-486]). No significant difference was observed in the mean frequency of mEPSCs or inter-event-intervals between TERT-overexpressing transgenic (TERT-tg) mice and control FVB mice ([Fig. 1A](#f1-molce-41-5-486){ref-type="fig"}, *n* = 10, *p* \> 0.6 by t-test, *p* \> 0.6 by Kolmogorov--Smirnov test), while the mean amplitude of mEPSCs in TERT-tg mice was significantly increased compared to control mice ([Fig. 1A](#f1-molce-41-5-486){ref-type="fig"}, *p* \< 0.01 by t-test, *p* \< 0.05 by Kolmogorov--Smirnov test). Both the frequency and amplitude of miniature inhibitory postsynaptic currents (mIPSCs) in TERT-tg mice remained comparable to those of control FVB mice ([Fig. 1B](#f1-molce-41-5-486){ref-type="fig"}, *n* = 12, *p* \> 0.7). Our observations demonstrate that overexpression of TERT leads to a selective increase in spontaneous excitatory synaptic activity of CA1 neurons. This finding is consistent with our previous observations in the mPFC of TERT-tg mice ([@b25-molce-41-5-486]).

Synaptic plasticity in the hippocampus is impaired upon overexpression of TERT
------------------------------------------------------------------------------

Next, we measured evoked excitatory postsynaptic currents (eEPSCs) by stimulating the Schaffer collateral pathway. The paired-pulse ratio was determined by comparing the peak amplitude of eEPSCs between two consecutive stimulations in 50 ms apart. AMPAR/NMDAR ratios were determined by comparing the peak amplitude of eEPSCs at holding potential of −60 mV and the average amplitude of the eEPSCs 50--60 ms after the stimulation at holding potential of +40 mV. No alterations in the paired pulse ratio were observed in TERT-tg mice ([Fig. 1C](#f1-molce-41-5-486){ref-type="fig"}, *n* = 8, *p* \> 0.2), while the ratio of AMPA receptor-mediated eEPSCs to NMDA receptor-mediated eEPSCs was significantly increased in TERT-tg mice compared to that of control FVB mice ([Fig. 1C](#f1-molce-41-5-486){ref-type="fig"}, *n* = 9--10, *p* \< 0.05). Our observations suggest that TERT-tg mice exhibit enhanced excitatory activity in the hippocampus and that this alteration is likely due to postsynaptic changes.

To compare the capacity for synaptic plasticity, we measured field excitatory postsynaptic potentials (fEPSPs) and induced long-term potentiation (LTP) in TERT-tg mice and FVB mice in hippocampal CA1 neurons. High-frequency stimulation (HFS, 100 pulses at 100 Hz) induced robust potentiation in the hippocampus of control FVB mice as measured by both amplitude and 10--90% rise slope during 30--40 min after the LTP induction compared to the baseline ([Figs. 2A, 2B, 2E and 2F](#f2-molce-41-5-486){ref-type="fig"}, *n* = 15, *p* \< 0.01 for amplitude; *p* \< 0.01 for rise slope). However, HFS did not induce any significant changes in the amplitude or rise slope of fEPSPs in the hippocampus obtained from TERT-tg mice ([Figs. 2C--2F](#f2-molce-41-5-486){ref-type="fig"}, *n* = 13, *p* \> 0.5 for amplitude; *p* \> 0.6 for rise slope). We employed another well-established pattern of stimulation to induce LTP, theta-burst stimulation (TBS, 20 bursts of 4 pulses at 100 Hz). TBS potentiated fEPSPs in the FVB mice ([Figs. 2G, 2H, 2K and 2L](#f2-molce-41-5-486){ref-type="fig"}, *n* = 8, *p* \< 0.01 for amplitude; *p* \< 0.05 for rise slope), whereas TBS-induced long-term potentiation was impaired in the hippocampi of TERT-tg mice ([Figs. 2I--2L](#f2-molce-41-5-486){ref-type="fig"}, *n* = 7, *p* \> 0.6 for amplitude; *p* \> 0.9 for rise slope). Taken together, our observations suggest that overexpression of TERT causes an imbalance between excitatory/inhibitory neurotransmission and alters the capacity for synaptic plasticity in the hippocampus.

Overexpression of TERT disrupts the acquisition of hippocampal-dependent spatial learning
-----------------------------------------------------------------------------------------

Do TERT overexpression-induced synaptic changes alter cognitive behaviors? In order to pursue this question, we tested the performance of TERT-tg mice during hippocampal-dependent spatial learning using the Morris water maze. Mice were trained to search for a hidden platform with contextual environmental cues during 4 trials per day for 8 days. The performance level at each day was evaluated using two parameters: latency to target platform and search error which indicates total distance between the mouse and the target platform throughout trials. Repeated measures two-way ANOVA in both latency and search error indicated that the performance improved over the course of training ([Fig. 3](#f3-molce-41-5-486){ref-type="fig"}, latency: F(7,126) = 3.33, *p* \< 0.005, search error: F(7,126) = 2.72, *p* \< 0.05, main effect for day). However, there was a significant main effect for group (latency: F(1,17) = 41.92, *p* \< 0.001, search error: F(1,17) = 19.27, *p* \< 0.001) and a significant group × day interaction (latency: F(7,126) = 3.78, *p* \< 0.005, search error: F(7, 126) = 3.83, *p* \< 0.001), indicating different rates of learning for control FVB mice and TERT-overexpressed mice. Repeated measures one-way ANOVA with *post-hoc* Bonferroni correction indicated that repetitive training improved performance of FVB control mice by reducing the latency ([Fig. 3B](#f3-molce-41-5-486){ref-type="fig"}, *n* = 9, F(7) = 5.97, *p* \< 0.001), and search error ([Fig. 3C](#f3-molce-41-5-486){ref-type="fig"}, *n* = 9, F (7) = 6.05, *p* \< 0.001).Repetitive training did not improve performance in TERT-tg mice ([Figs. 3B and 3C](#f3-molce-41-5-486){ref-type="fig"}, F(7) = 0.45, *p* \> 0.8 for latency; F(7) = 0.6, *p* \> 0.7 for search error; F(7) = 1.22, *p* \> 0.3). However, in the probe test that was conducted to determine the rate of spatial memory consolidation on day 5 and 9, we did not find any performance differences between FVB control and TERT-tg mice for the time spent in the target quadrant (23.43 ± 2.06 sec for WT; 22.12 ± 5.24 s for TERT-tg, *p* \> 0.8) and the total distance swum in the target quadrant (23.32 ± 2.09 m for WT; 22.92 ± 5.19 m for TERT-tg, *p* \> 0.9). Given our results, even though memory consolidation is limited possibly due to the strain used, spatial learning rate in an animal model of ASD with TERT overexpression is significantly disrupted compared to that of control mice.

TERT overexpression reduces the expression of phosphorylated CREB and phosphorylated CaMKIIα levels
---------------------------------------------------------------------------------------------------

In order to investigate whether there are chronic changes in expression of learning-related molecules upon TERT overexpression, we performed Western blot analysis for a well-known transcription factor, CREB (cAMP response element-binding protein) and a serine/threonine-specific protein kinase known to be important for learning and memory, CaMKIIα (Ca^2+^/calmodulin-dependent protein kinase IIα). We found that TERT overexpression was significantly decreased phosphorylated CREB expression ([Figs. 4A and 4B](#f4-molce-41-5-486){ref-type="fig"}, *n* = 6, *p* \< 0.001), while the total CREB levels remained comparable to those of the FVB control group (*p* \> 0.9). In addition, we observed a dramatic decrease in phosphorylated CaMKIIα expression ([Figs. 4A and 4C](#f4-molce-41-5-486){ref-type="fig"}, *n* = 6, *p* \< 0.001) in contrast to increased CaMKIIα expression in the hippocampus of TERT-tg mice (*p* \< 0.05). Given the importance of phosphorylated CaMKIIα and phosphorylated CREB in learning and memory ([@b1-molce-41-5-486]; [@b4-molce-41-5-486]; [@b39-molce-41-5-486]; [@b45-molce-41-5-486]; [@b48-molce-41-5-486]; [@b50-molce-41-5-486]), these results corroborate the impaired synaptic plasticity and poor performance in spatial learning in TERT-tg mice.

DISCUSSION
==========

In the present study, we found that TERT overexpression distorts the balance between excitation and inhibition, impairs hippocampal synaptic plasticity, and reduces the expression of learning-related molecules (phosphorylated CREB and phosphorylated CaMKIIα) in the hippocampus. Given that ASD is a neurodevelopmental disorder, symptoms could differ depending on the stages of development as well as differential E/I imbalances in different brain areas. In our previous study, we reported enhanced synaptic transmission in the mPFC of TERT-tg mice ([@b25-molce-41-5-486]), similar to that observed in the hippocampus in the present study. However, cortical neurons with *Shank3* knockdown show reduced NMDAR-mediated eEPSCs ([@b11-molce-41-5-486]) while synaptic efficacy in the hippocampus of *Shank3* deficient mice remains largely comparable to that of control mice ([@b34-molce-41-5-486]). Rats exposed to valproic acid (VPA) show increased synaptophysin immunostaining in the mPFC but reduced synaptophysin signals in the hippocampus ([@b10-molce-41-5-486]). Thus, different animal models of ASD exhibit dissociated E/I imbalances with distinct mechanisms in different brain regions, likely leading to inconsistent observations of spatial cognitive functions. Further investigation of how chronic TERT overexpression may contribute to enhanced excitation in different brain areas is required for additional validation of this novel animal model of ASD.

Interestingly, TERT overexpression resulted in striking differences in expression of certain proteins including phosphorylated CaMKIIα (pCaMKIIα) in the hippocampus and mPFC ([Fig. 4](#f4-molce-41-5-486){ref-type="fig"}) ([@b25-molce-41-5-486]). In the mPFC, we previously showed that overexpression of TERT induced increased expression of both CaMKIIα and pCaMKIIα ([@b25-molce-41-5-486]). However, in the hippocampus, the expression of pCaMKIIα was greatly decreased with TERT overexpression while CaMKIIα expression was slightly elevated compared to that of control FVB mice ([Fig. 4](#f4-molce-41-5-486){ref-type="fig"}). Along with decreased pCaMKIIα, the expression of phosphorylated CREB (pCREB) was significantly reduced in TERT-tg animals. It is well- documented that CaMKII activation and phosphorylation of the CREB by CaMKII signaling cascades are critical for induction and maintenance of synaptic plasticity ([@b1-molce-41-5-486]; [@b4-molce-41-5-486]; [@b39-molce-41-5-486]; [@b45-molce-41-5-486]; [@b48-molce-41-5-486]; [@b50-molce-41-5-486]), although there is a recent study suggesting that CaMKIIα auto-phosphorylation may not be necessarily required for the induction of LTP in the hippocampus ([@b46-molce-41-5-486]). Other factors to reduce the phosphorylation of CaMKII and CREB include apolipoprotein E4 and zinc deficiency, which have been shown to impair hippocampal long-term synaptic plasticity and cognitive performances ([@b39-molce-41-5-486]; [@b50-molce-41-5-486]). Therefore, significant reduction in both pCREB and pCaMKIIα observed in the hippocampus of TERT-tg mice may have contributed to the impaired LTP and poor spatial learning in these mice model of ASD. Future investigations on TERT-mediated direct or indirect regulation of learning and memory-related molecules are required to provide molecular evidences of region-specific transcriptional or translational alterations during development.

It seems the elevated basal excitatory transmission by overexpression of TERT occludes synaptic potentiation. This may be counter-intuitive, but several studies have reported that tonic enhancement of basal excitatory transmission leads to impairment of LTP, which may provide mechanical insights for our seemingly contradictory observations. For example, incubation with extracellular solution containing reduced Mg^2+^ enhanced basal excitatory transmission shown by increased fEPSP slope with significantly impaired LTP in the hippocampus ([@b18-molce-41-5-486]). The 2,4,6-trinitrobenzenesulfonic acid (TNBS)-treated animal model of chronic inflammation also exhibits increased amplitudes of mEPSCs and AMPAR- and NMDAR-mediated eEP-SCs in CA1 pyramidal neurons. Again, in spite of elevated excitatory synaptic transmission, both LTP and long-term depression (LTD) in the Schaffer collateral pathway of TNBS-injected animals were significantly reduced ([@b41-molce-41-5-486]). In case of overexpression of PSD-95, it has been shown to increase both amplitude and frequency of mEPSCs and AMPAR-mediated synaptic responses while also blocking the induction of LTP ([@b43-molce-41-5-486]). In this case, however, LTD was enhanced upon PSD-95 overexpression. Therefore, it would be of interest for future studies to examine whether TERT overexpression enhances or blocks the induction of LTD in the hippocampus.

Our observations are consistent with hippocampal dysfunction reported in other animal models of ASD including valproic acid-exposed animals and several knockout animal models. For example, prenatal exposure of rats to VPA results in a pharmacological model of ASD in which the animals exhibit increased latency in finding the hidden platform in the Morris water maze test ([@b19-molce-41-5-486]). Prenatal exposure to VPA also impairs both LTP and LTD in the Schaffer collateral pathway of the hippocampus ([@b38-molce-41-5-486]; [@b51-molce-41-5-486]). The *Shank2* knockout mouse is a well-established animal model of ASD that exhibits impaired NMDAR-dependent LTP and LTD in the hippocampus. In addition, spatial learning as evaluated by the Morris water maze test was also impaired in *Shank2* knockout mice ([@b49-molce-41-5-486]). However, in another shank protein-related animal model of ASD, no changes in field recordings of population spikes or paired-pulse ratio were observed in the hippocampus of *Shank3* knockout mice ([@b34-molce-41-5-486]). *Neurexin-1α* deficient mice show decreased mEPSC frequency and reduced evoked excitatory synaptic transmission in the CA1 region of the hippocampus. However, no changes in performance on the Morris water maze test were observed in mice with *Neurexin-1α* deficiency ([@b16-molce-41-5-486]).

In TERT-tg mice, we observed significantly slower acquisition of spatial task yet failed to observe any impairment in probe test trials conducted between training sessions. There are two possible explanations for our observations. First, TERT overexpression may impair hippocampus-dependent learning *per se* but not consolidation. Previously, BrdU signals representing adult hippocampal neurogenesis were shown to selectively correlate with acquisition in the water maze task while no significant correlation was observed in the target quadrant preference during probe trial performance ([@b24-molce-41-5-486]). TERT overexpression may have differential effects on different aspects of spatial learning and memory. Second, our results could be due to the limitations of the strain of choice. Unfortunately, currently available TERT-tg mice is generated in FVB/N background and FVB/N mice are known to have poor performance in probe trials of visual cue-dependent Morris water maze test due to their poor vision ([@b6-molce-41-5-486]; [@b32-molce-41-5-486]). FVB/N mice exhibit longer latency to reach the platform compared to other strains of mice. Nevertheless, gradual improvement in their performance throughout training trials has been reported repeatedly in FVB/N mice including our current data ([@b3-molce-41-5-486]; [@b14-molce-41-5-486]; [@b22-molce-41-5-486]; [@b36-molce-41-5-486]; [@b47-molce-41-5-486]) ([Fig. 3](#f3-molce-41-5-486){ref-type="fig"}). In fact, FVB mice have vision impairment but not completely ([@b14-molce-41-5-486]). The poor vision might not be enough for a memory consolidation to guarantee their performance in probe trials, while allowing acquisition of spatial learning at some levels. FVB/N mice have been commonly used to generate transgenic mice and it would be a lot of work to backcrossing animals to change backgrounds. FVB/N mice are known to be perfectly capable of performing trace eyeblink conditioning, spontaneous alternation in the Y-maze, social recognition, trace and contextual fear conditioning, and odor habituation-dishabituation ([@b17-molce-41-5-486]), suggesting that the cognitive ability of FVB/N per se is not a question. Further studies are required to employ elaborated sets of cognitive tests to evaluate hippocampus function of TERT-tg mice.

The results of the present study, taken with those of previous reports, indicate that TERT-tg mice exhibit elevated excitatory transmission while inhibitory transmission remains unchanged in both the mPFC and hippocampus. This imbalance in the excitatory/inhibitory ratio may lead to hippocampal dysfunction as well as other ASD-like behaviors in TERT-tg mice. One interesting question that remains to be examined is whether TERT expression levels are altered in different animal models of ASD, which may provide further support for TERT levels as a tentative biomarker for ASD.

We would like to thank Dr. Han-Woong Lee (Department of Biochemistry, College of Science, Yonsei University, Seoul, Korea) for kindly sharing TERT overexpressing transgenic (TERT-tg) mice used in this study and Drs. Jiwoon Kim and Jungsoo Han for helpful discussions on our observations. This work was supported by Konkuk University in 2015.

![Overexpression of TERT enhances glutamatergic synaptic transmission in the hippocampus\
(A) Overexpression of TERT increased the amplitude of miniature excitatory postsynaptic currents (mEPSCs, 10.52 ± 1.11 pA for wild type (WT); 15.20 ± 0.77 pA for TERT-tg, *p* \< 0.01 by t-test, *p* \< 0.05 by Kolmogorov--Smirnov test) while mean frequency of mEPSCs or inter-event-intervals was comparable to WT mice (0.12 ± 0.03 Hz for WT; 0.14 ± 0.04 Hz for TERT-tg, *p* \> 0.6 by t-test, *p* \> 0.6 by Kolmogorov--Smirnov test). (B) Inhibitory synaptic transmissions of TERT-tg mice were not different from WT mice (amplitude, 12.86 ± 0.94 pA for WT; 13.23 ± 0.34 pA for TERT-tg, *p* \> 0.7; frequency, 2.59 ± 0.51 Hz for WT; 2.39 ± 0.43 Hz for TERT-tg, *p* \> 0.7). (C) Paired pulse ratio was not different between TERT-tg and WT mice (2.09 ± 0.08 for WT; 1.96 ± 0.11 for TERT-tg, *p* \> 0.2). The ratio of AMPA receptors to NMDA receptors was increased in TERT-tg mice (1.37 ± 0.13 for WT; 2.49 ± 0.48 for TERT-tg, *p* \< 0.05).](molce-41-5-486f1){#f1-molce-41-5-486}

![Long-term potentiation in the Schaffer collateral pathway is impaired upon overexpression of TERT\
(A--D) High-frequency stimulation increased both amplitude and rise slope of field excitatory postsynaptic potentials (fEPSPs) in WT mice (*n* = 15, amplitude: 131 ± 9.9% of baseline after the HFS, *p* \< 0.01; 10--90 rise slope: 134.2 ± 9.9%, *p* \< 0.01) but not in TERT-tg mice (*n* = 13, amplitude: 101.2 ± 9.7%, *p* \> 0.5; 10--90 rise slope: 100.8 ± 13.7%, *p* \> 0.6). (E,F) The averaged magnitude of LTP induced by HFS for amplitude was significantly larger in WT mice (131 ± 9.9% for WT; 101.2 ± 9.7% for TERT-tg, *p* \< 0.05). The magnitude of LTP for rise slope of WT mice tended to be increased compared to TERT-tg mice (134.2 ± 9.9% for WT; 100.8 ± 13.7% for TERT-tg, *p* = 0.058) (G--J) Theta-burst stimulation potentiated both amplitude and rise slope of fEPSP in WT mice (*n* = 8, amplitude: 130.1 ± 8% after the TBS, *p* \< 0.01; 10--90 rise slope: 180 ± 33%, *p* \< 0.05). However, TBS failed to induce LTP in TERT-overexpressed mice (*n* = 7, amplitude: 104 ± 8.8%, *p* \> 0.6; 10--90 rise slope: 99.5 ± 7.5%, *p* \> 0.9). (K,L) Averaged magnitudes of LTP induced by TBS for amplitude (130.1 ± 8% for WT; 104 ±8.8% for TERT-tg, *p* \< 0.05) and for rise slope (180 ± 33% for WT; 99.5 ± 7.5%, *p* \< 0.05) were significantly higher in WT mice (scale bar: 20 ms, 0.2 mV).](molce-41-5-486f2){#f2-molce-41-5-486}

![Overexpression of TERT disrupts hippocampus-dependent spatial learning\
(A) Representative traces for swimming paths of WT mice and TERT-tg mice during water maze test. (B) TERT-tg mice showed longer latency in finding the platform compared to WT mice (*n* = 9, day1--3: *p* \> 0.2, day4: *p* = 0.07, day5: *p* \< 0.05, day6--7, *p* \< 0.01, day8: 32.26 ± 3.15 s for WT; 55.27 ± 1.64 s for TERT-tg, *p* \< 0.001). (C) TERT-tg mice exhibited higher search error compared to WT mice (day1--4: p \> 0.1, day5--6: *p* \< 0.05, day7: *p* \< 0.01, day8: 27.01 ± 2.89 m for WT; 50.49 ± 3.03 m for TERT-tg, *p* \< 0.001).](molce-41-5-486f3){#f3-molce-41-5-486}

![The expression of phosphorylated CaMKIIα (T286) and phosphorylated CREB are significantly decreased in the hippocampus of TERT-tg mice\
(A) Western blot analysis for CREB and CaMKIIα in the hippocampus. Total ERK1/2 level was used as a loading control. (B) Quantification of western blot data of CREB. TERT-tg mice showed decreased phosphorylated CREB, while the total CREB level remained comparable to that of WT mice (*n* = 6, pCREB: 100 ± 5.64 for WT; 35.8 ± 4.89 for TERT-tg, *p* \< 0.001, CREB: 100 ± 5.59 for WT; 99.96 ± 6.59 for TERT-tg, *p* \> 0.9) (C) Quantification of western blot data of CaMKIIα. TERT-Tg mice showed reduced phosphorylated CaMKIIα (T286) but elevated total CaMKIIα expression (*n* = 6, pCaMKIIα: 100 ± 10.85 for WT; 31.6 ± 1.48 for TERT-tg, *p* \< 0.001, CaMKIIα: 100 ± 9.44 for WT; 135.03 ± 11.66 for TERT-tg, *p* \< 0.05).](molce-41-5-486f4){#f4-molce-41-5-486}
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